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Electroluminescence, the emission of light in the presence of an electric current, provides infor¬ 
mation on the allowed electronic transitions of a given system. It is commonly used to investigate 
the physics of strongly-coupled light-matter systems, whose eigenfrequencies are split by the strong 
coupling with the photonic field of a cavity. Here we show that, together with the usual electro¬ 
luminescence, systems in the ultrastrong light-matter coupling regime emit a uniquely quantum 
radiation when a flow of current is driven through them. While standard electroluminescence relies 
on the population of excited states followed by spontaneous emission, the process we describe herein 
extracts bound photons by the dressed ground state and it has peculiar features that unequivocally 
distinguish it from usual electroluminescence. 

PACS numbers: 42.50.Pq, 78.60.Fi, 71.36.+C 


The proper dimensionless parameter to study pertur- 
batively the resonant interaction between light and mat¬ 
ter in cavity quantum electrodynamics (QED) is the ra¬ 
tio between vacuum Rabi frequency, UIr, and the bare 
frequency of the excitation, toe- When such a quantity, 
usually referred to as normalised coupling, 77 = be¬ 
comes non-negligible, higher-order perturbative phenom¬ 
ena start to become observable. This is the so-called 
ultrastrong-coupling regime, that has been experimen¬ 
tally achieved in a number of solid-state systems mn- 
The non-perturbative nature of the light-matter coupling 
in this regime leads to a range of very rich (and as yet 
not fully understood) phenomenology, including quan¬ 
tum phase transitions [HHH], modification of energy 
transport [T31[TS] and light emission properties [TTUIi)] . or 
the appearance of cavity-assisted chemical and thermo¬ 
dynamic effects [2nH2^ . One of the main consequences of 
the ultrastrong-coupling regime is to modify the ground 
state of the system, such that it becomes a multimode 
squeezed state, containing a finite population of bound 
excitations that can only be observed if the system pa¬ 
rameters are nonadiabatically modulated in time [24H31j . 
This quantum vacuum radiation, that has strong simi¬ 
larities with the dynamical Casimir effect [5^37) . is a 
hallmark of the quantum nature of the light-matter in¬ 
teraction, and it can provide insights into the quantum 
nature of the ground state [38] . 

Here we investigate a unique quantum electrodynami¬ 
cal effect wherein one can observe the photonic excita¬ 
tions bound in the ground state when an electrical cur¬ 
rent is driven through the system. We call this effect 
ground state electroluminescence (GSE), in order to dis¬ 
tinguish it from the standard polaritonic electrolumines¬ 
cence observable when a current passes in a strongly- 
coupled light-matter system (S] I55M5] . We will see that 
such a GSE is not only intense enough to be observable 



FIG. 1: (a) Energy diagram for the uncoupled system (H_r = 
0). Photons can leave the cavity at a rate Ecav and electrons 
can populate/leave the system at rates Pin/out- (b) Diagram 
levels for the strongly coupled regime at resonance oje = ojf,. 

(c) Schematic showing standard electroluminescent emission. 

(d) Schematic showing the dominant GSE process. 

in some near-future solid-state cavity QED experiments, 
but it has also unique features that clearly distinguish it 
from the usual polaritonic electroluminescence. 

Our aim is to present a novel QED effect, a priori rel¬ 
evant for many of the systems in which the USG regime 
has been observed. For this reason we will keep the dis¬ 
cussion as generic and system-independent as possible, 
investigating the simplest model presenting GSE effects. 
A discussion on possible implementations will be dis¬ 
cussed later. We will thus consider a toy model exhibiting 
GSE: a two-level electronic system ultrastrongly coupled 
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to a single mode of a photonic resonator. When a single 
electron is present, this is just the Rabi model, one of the 
simplest models used to investigate the physics of strong 
light-matter coupling. The important element we add 
here is that, given that we are interested in electrolumi¬ 
nescence, we will consider the system to be electronically 
open: i.e., we will account for the possibility of electrons 
to tunnel in and out of the structure. While it is not 
necessary for our theory, in order to simplify the already 
rather heavy notation, we will neglect the possibility to 
have a doubly-occupied state. Depending on the specihc 
implementation, this assumption can be physically jus- 
tihed assuming the system to be in a Coulomb-blockade 
regime. Thus, for this electronic system we only consider 
a 3D Hilbert space spanned by the empty state |s), and 
the two singly-occupied states \g) and |e), with Hamilto¬ 
nian 

H = huica'a + huie\e) {e\ — Hu}s\s) {s\ 
-fHfl(a-ba''')(|e) ( 5 I -f \g) (e|), 

where a is the annihilation operator of the photonic mode 
of energy hujc-, and Huje and HuJs the energies of the 5 —> e 
and s ^ g transitions. For definiteness, hereafter we will 
limit ourselves to the resonant case Wg = ujc- As the 
Hamiltonian in Eq. Q conserves the number of electrons, 
it can be diagonalised separately in the zero and one elec¬ 
tron sectors. In the first sector the Hamiltonian is diago¬ 
nal in the n-photons states |s, n), of energy nhujc — fiiOs', 
while in the second sector we recover exactly the Hamil¬ 
tonian of a quantum Rabi model m- We will call respec¬ 
tively IG) and |±) its ground state and hrst polaritonic 
doublet, with respective energies Hujc and hioa + fvjj±. 
For the sake of clarity, we will neglect higher-lying states 
and temperature effects, as both are inessential to GSE. 
In order to be able to investigate electroluminescence, 
we couple such a system to two external electronic reser¬ 
voirs. Fixing the chemical potential of one of them to 
—fvjJs, so that it acts only as a sink for electrons, the 
voltage across the system is described by the chemical 
potential g of the other reservoir, leading to the effec¬ 
tive electronic injection and extraction rates Fin/o^t. We 
also couple the cavity itself to a reservoir, describing the 
extra-cavity photonic modes in which the luminescence is 
emitted, leading to a photonic lifetime Fcav A diagram 
of the relevant levels and transition rates for vanishing 
couplings is in Fig. [^a). 

Note that we will consider strongly-coupled systems, 
whose eigenstates are linear superpositions of different 
electronic and photonic excitations. Therefore, the bare 
electronic and photonic lifetimes will give rise to different 
transition rates between different pairs of dressed states, 
that can be calculated using the different methods that 
have been developed to deal with strongly-coupled open 
systems The levels and transition rates for 

strong couplings is in Fig. int)- Limiting ourselves to 


the low-lying states that we will consider here, we thus 
define and as the electronic injection and 

extraction rates to and from the states |s,n) and |j), 
j G {G,±}, and as the photonic transition rates 
from |±) to |G). Notice that in the zero temperature case 
we are considering here, electron tunnelling can couple 
two states only if fi is larger than their energy mismatch, 
that is 

FA^*^ oc 0(/r -I- nhuJc - 

cx Q{fj, + nhuJc — fii^G — (1) 

where 0 is the Heaviside function. 

In order to introduce our discussion of GSE, we will 
start by reviewing standard electroluminescence in po¬ 
laritonic systems for 77 <C 1 [ISl [49] . In this regime, the 
Rabi Hamiltonian reduces to a Jaynes-Cummings model 

|G):^|g,0), ( 2 ) 

leading to hwc = 0 and = Foutf^np, = 

rin^n.o- as the ground state |G) contains no photons, 
when we extract the electron we cannot end in a state 
with a photonic component and vice versa. A current 
can thus pass through the structure for any g > 0, with¬ 
out any photonic emission, through the path 

|s,0)^|G)^|s,0). (3) 

Only for fi > hujc + fiuj ±, the electrons can excite states 
with a photonic component, corresponding to > 0 , 

then decaying to the ground state before being extracted. 
This leads to the usual polaritonic electroluminescence at 
energy huj ±, through the processes 

|s,0)^^|±)^^|G)^|s,0), (4) 

where we highlighted the transition (and its energy) ex¬ 
pected to emit light. 

The situation radically changes when instead 77 ~ I. In 
this case Eq.j^is not valid anymore, and the ground state 
has a non-negligible photonic component, (G| a'^a |G) 0 

[24] . As |G) is now a linear superposition of states with 
one electron and n photons, when the electron is ex¬ 
tracted, it has a finite probability to project the sys¬ 
tem in the state |s,n), with no electrons and n photons 
> 0 )) that will eventually escape out of the cavity. 
This process is what we term GSE: emission of photons 
when a current passes through the ground state. The fun¬ 
damental GSE process, emitting at the cavity frequency 
huJc^ has the form 

|s,0)i^|G)i^|s,l)-^^|s,0). (5) 

4, 

If the photonic lifetime is longer than the electron in¬ 
jection and extraction times, GSE photons can accumu¬ 
late in the cavity, leading to the occupation of higher- 
lying states of the Rabi Hamiltonian and luminescence 










3 



FIG. 2: Emission spectrum S{ljj) for GSE alone (blue solid 
line, fj, = hujo) and GSE plus standard electroluminescence 
(yellow solid line, n — huj+). The peaks corresponding to 
the processes emitting at the bare cavity frequency fkoc and 
at the polaritonic frequencies hijj± are explicitly shown. The 
dashed line represents the black-body radiation spectrum for 
ksT ~ 0.1 huic- Parameters: rj — 0.1, T = 0.5 x 10“®aic, 

Tcav = 7 X lO^'^CJC. 


at the respective frequencies. Under the hypothesis of 
large enough cavity losses, we will limit ourselves to pro¬ 
cesses of first order in 


\s,0)\G) \s,l) \±) 


-1 


>|G) 


|S,0) , 


( 6 ) 


that clearly emit at the polaritonic frequencies huj ±. We 
emphasize that the processes in Eqs. ([^|^ do not depend 
upon , and thus from Eq. ([^ they happen for values 
of the applied bias < Hujq+Hui- , such that the standard 
electroluminescence in Eq. Q is forbidden. 

The GSE emission rate can be calculated writing a rate 
equation for the populations Pj of the respective states 
\j). Limiting ourselves to the first satellite peaks, and 
to the regime /i < Huiq + fno-, in which no standard 
electroluminescence is possible, we have 

p _ p pSiO I p -pG_>.o I p -p±—>-0 _i_ p p 

^s,0 — 0-1-in +^G-l-out +^±J^out +cav 

A,i = -p«,i(rcav + rf„') + PGr?„r' + ^±rir' 

Pg = + + Ps,iT\^^+ P±Tt. 

p+ = -P+(r+, + r+J + Ps,irl;p+ 

P- = “-P-(rcav + Tout) +, 

(7) 

where repeated ± stands for sum over its repeated con¬ 
stituents. In the steady state, this system can be solved 
for the populations and, consequently, the emission rates 
for the fundamental GSE in Eq. fc, and for the first 
satellites in Eq. f±, can be calculated as 

/c = P«,ircav, /+ = p+r+v, /- = P-r-,. (8) 


Developing perturbatively the coupled eigenstates of the 
Rabi Hamiltonian |G) and |±) over the uncoupled states 
|g,n) and |e,n), and considering Fin = Tout = F, we can 
obtain estimates for the radiation intensity of the main 
GSE peak in Eq. (§ and for the satellites from Eq. §. 
To the lowest nontrivial order in rj and to the first order 
in they read 


fc 



r]^r F 

16 Feav’ 


(9) 


where, as expected, the emission at hu!±, that relies 
upon a photon buildup in the cavity as from Eq. §, 
is weighted down by a factor p— <C 1 . 

For comparison we also calculated, to the same order, 
the standard electroluminescence intensity for the case 
/i > hojG + fujj+, obtaining 


fc 


F 
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2F 

T 

^ cav 


(. 10 ) 


To the dominant order in both variables we obtain, as ex¬ 
pected, a term not dependent on 77 emitting at huj±, that 
is the standard electroluminescence described in Eq. @- 
Note that also in this case we recover higher-order pro¬ 
cesses allowed by the buildup of photonic population in 
the cavity (and thus of higher order in in this case 

the first one emitting at hojc 


5,0) 




4 , 


>|s,0). (11) 


In order to test such an intuitive understanding of 
GSE, we studied the system numerically solving mES] 
the master equation 


P = -i[H, p] + An(p) -b Pout(p) -b Pcav(p), (12) 


where p is the density operator of the system with a con¬ 
verged cutoff over the maximum number of photons and 
the Lindblad operators Gin/out/cav SJce projected over the 
dressed basis of the system [ITUS]. Exploiting the input- 
output formalism compatible with the dressed state anal¬ 
ysis developed in Ref. [S3] , we can write the extra-cavity 
emission spectrum as 


S{u;) = 


27T 


dr e-“^(X+(T)X-(0)), (13) 


where X = {a + a''’), X = (*l |j) I*) (il, and X+ 

is its hermitian conjugate. In Fig. [^we plot the emitted 
spectrum from Eq. (131 for fj, = hioc (blue solid line) in 
which we can clearly see the central GSE peak at huic 
and the satellites around huj± ~ hioc i D. Figure]^ also 
plots (yellow solid line) the spectrum for ^ = hoja + fiu!+ ■ 
In this case, while the central peak remains substantially 
unchanged, standard electroluminescence becomes dom¬ 
inant over the satellite frequencies. There we plot, for 
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FIG. 3: (a) Integrated emission spectrum S{uj) (as in Fig.[^ 

for the central peak and one of the satellites channels for 
= huiQ, obtained by integrating the numerical spectrum 
(solid lines) and from the analytical estimates in Eq. ([^ (hol¬ 
low dots). In the inset we illustrate the GSE processes from 
Eqs. 1^1. (b) Integrated emissions for /r = huja + ob¬ 
tained by integrating the numerical spectrum (solid lines), 
and from the analytical estimates in Eq. ITot (hollow dots). 
Inset: electroluminescence from Eqs. (|4|ll|. 


resonator seems to us the system better described by the 
simple model studied here, where |s) is the empty state, 
\g) and |e) are the hybridised states of the two dots, and 
the doubly-occupied state is Coulomb blocked. Remark¬ 
ably, electroluminescence has already been observed in 
those systems gnmi]. Given that the ratio can be 
engineered in those systems, from Eq. © we obtain a 
rough estimate of the photon population, due to GSE, 
of P ~ O.lry^. Considering a conservative lower bound 
to the detectable photon population in microwave res¬ 
onators of Pmin = 10’ -3 [n], ?7 > 0.1 should thus suf¬ 
fice to observe GSE. This normalised coupling has been 
achieved in circuit QED [HE]. In hybrid systems, ex¬ 
periments are moving toward higher couplings and the 
appropriate regime may become accessible in the near 
future. 

In conclusion, we have highlighted a novel cavity QED 
phenomenon, leading to the purely quantum emission of 
photons out of the ground state when an electric current 
passes through it. Such a novel form of quantum vacuum 
emission could be observed in various near-future cavity 
QED setups, leading to a further step forward in the 
understanding and engineering of the quantum vacuum 
in the ultrastrong light-matter coupling regime. 
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comparison, the black body emission from the cavity for 
/cbT = O.lhioc- In Fig. we plot (solid lines) the inte¬ 
grated emission of the central peak and of the two satel¬ 
lites respectively for g = hwc (a) ^^nd /r = Hujg + fiu!+ 
(b), as a function of the perturbative parameter 77 . The 
hollow dots in the same Figures are obtained by the ana¬ 
lytical estimates from Eq. and Eq. ( |To| , respectively. 
Schematics of the involved processes are shown as insets. 
We clearly obtain a very good quantitative agreement be¬ 
tween our theory and the numerical simulations, proving 
the correctness of our theoretical analysis. 

Various developing technological platforms seem possi¬ 
ble candidates to experimentally observe GSE and some 
of them, like hybrid QED |40l |4T1 ISMTH] and circuit 
QED [H El ESI iTTliTTj , in which electronic transitions are 
coupled to microwave superconducting resonators, seem 
close to achieve all the needed requirements. In particu¬ 
lar, a double quantum dot coupled to a superconducting 
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